Introduction
Periodontal disease (PD) is a chronic inflammatory disease caused by the activation of immune responses against bacterial attacks [1] . As a bacterial factor, Porphyromonas gingivalis (Pg), which is classified into the red complex group of periodontopathogenic bacteria, and the bacterial components lipopolysaccharide and gingipain, have been reported to induce inflammation in PD [2] . The elimination of pathogenic factors and the regulation of inflammation are important for the treatment of PD. In order to resolve inflammation, the host activates innate and acquired immune responses in periodontal tissue. Gingival epithelial cells function as the first line of defence against periodontopathogenic factors [3, 4] . The production of anti-microbial peptides and infiltration of neutrophils in the gingival epithelium play an important role in innate immunity [5, 6] . Dendritic cells and T and B lymphocytes are also major players in the acquired immune response [7] . Furthermore, the cytokine network is very important in terms of regulating immune responses [8] .
A previous study showed that the production of inflammatory cytokines, interleukin (IL)-6 and 8 and tumour necrotic factor (TNF)-a was induced in periodontal tissue [9] . In-vitro experiments also revealed the induction of these cytokines against a bacterial challenge in primary and immortalized gingival epithelial cells [10] . However, in some cases mRNA and protein expression levels are not parallel, because some groups of proteins affect the stability of mRNA [11] . RNA-stabilizing proteins (RSPs) play an important role in RNA post-transcription, such as splicing and translation. Adenylate-uridylate-rich elements (ARE)/ ply(U)-binding degradation factor (AUF1), tristetraprolin (TTP), T cell intracellular antigen 1 (TIA-1) and TIA-1-related protein (TIAR) have been reported to induce the degradation of mRNA in order to regulate some cellular processes, including inflammation, fibrosis, angiogenesis, cell death and proliferation [12] . Conversely, a family of embryonic lethal abnormal vision (ELAV) Hu proteins, human antigen-R (HuR) and polyadenylate-binding protein-interacting protein-2 (PAIP2), enhance the stabilization of mRNA by binding to the 3 0 untranslated region (3 0 -UTR) [13, 14] . HuR binds directly to several classes of ARE (tandem repeats of AUUUA). As a result of HuR binding to ARE, target RNA is (i) stabilized, (ii) resistant to degradation by miRNA, (iii) stabilized in association with epigenetic changes by N6-methyladenosine (m6A) and (iv) transferred actively from the nucleus to the cytoplasm [15] . These changes increase the stabilization of mRNA. Therefore, increases in target protein levels alter cellular responses. These changes in target proteins by RSPs may affect some systemic disorders, such as eutopic and ectopic endometriosis, myocardial infarction and diabetes mellitus [16, 17] .
In the present study, HuR protein levels in human gingival tissue were assessed in order to clarify the involvement of HuR in the onset of periodontal disease. The effects of HuR in immortalized human gingival epithelial cells were then examined. Furthermore, a periodontitis mouse model was utilized to elucidate the mechanism of action of HuR on cytokine mRNA.
Materials and methods

Collection of human gingival tissue samples
After obtaining approval from the Ethical Committees of Hiroshima University Hospital, healthy and inflamed gingival tissue samples were collected from the Periodontology Department laboratories at Hiroshima University Hospital (approval no. 389-1). Healthy gingival tissue was characterized by the lack of bleeding on probing (gingival pocket depth 3 mm, male, aged 41 years) and collected from a healthy volunteer, who signed informed consent prior to enrolment. Inflamed gingival tissues were obtained from patients with PD during flap surgery. The periodontal diseased sites of patients who donated gingival tissue samples were also characterized by radiological bone resorption and bleeding on probing (gingival pocket depth ! 5 mm; n 5 2, one male and one female aged 67 and 74 years, respectively).
Immunohistochemical staining of gingival tissue
Gingival tissues were fixed in buffered 4% formalin, and paraffin-embedded sections were stained using the diaminobenzidine (DAB) system (liquid DAB1 Substrate Chromogen System Cat. no. K3468; Dako Agilent Pathology Solutions, Carpinteria, CA, USA). After blocking with 1% bovine serum albumin (BSA) in phosphate-buffered saline with 0Á05% Tween 20 (PBST), each sample was incubated with anti-HuR mouse monoclonal immunoglobulin (Ig)G (10 lg/ml, Cat. no. sc-5261; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in PBST at 48C for 12 h. Peroxidase (POD) conjugated with anti-mouse IgG (Jackson Immunoresearch, West Grove, PA, USA) was then applied at room temperature for 30 min. The colorimetric reaction was performed using DAB-chromogen solution and incubated for 10 min. The nucleus was stained by haematoxylin (Sigma-Aldrich, St Louis, MO, USA). Signals in sections were observed using a microscope (model BZ-9000; Keyence, Osaka, Japan).
Cell culture
The Simian virus-40 (SV40) antigen immortalized gingival epithelial cell line, OBA-9, was kindly provided by Professor Shinya Murakami (Osaka University, Osaka, Japan) and maintained in Humedia-KG2 medium containing 10 lg/ml insulin, 0Á1 lg/ml human epidermal growth factor, 0Á67 lg/ml hydrocortisone, 150 lg/ml bovine pituitary extract, 100 lg/ml gentamycin and 100 lg/ml amphotericin B [5, 18] .
Stimulation of OBA-9 by bacteria, a bacterial component and TNF-a
The confluent culture of OBA-9 was stimulated with formalin-fixed Pg W83 [10 8 colony-forming units (CFU)/ ml], lipopolysaccharide (LPS) derived from strain Pg ATCC33277 (PgLPS, 100 ng/ml; Invivogen, San Diego, CA, USA) and TNF-a (10 ng/ml, Cat. no. 210-TA-005; R&D Systems, Minneapolis, MN, USA) for 4-12 h in order to examine mRNA expression and protein levels. The bacterial strain was purchased from the American Type Culture Collection (ATCC) and cultured as described in the manufacturer's protocol. Bacterial cells were treated as described previously [19] . The HuR inhibitor, quercetin [200 mM in dimethyl sulphoxide (DMSO) Sigma-Aldrich], was added to the cell culture in order to clarify the effects of HuR. As a control, DMSO was added to the medium (1000-fold dilution). In order to determine the involvement of TNF-a in the induction of HuR, anti-TNF-a neutralization antibody (final concentration 10 lg/ml, Cat. no. MAB610; R&D Systems) was added into the cell culture prior to 30 min of bacterial stimulation. As a control, normal mouse IgG was added into the medium.
RNA extraction and real time-polymerase chain reaction (RT-PCR) analysis
Total RNA was isolated after the stimulation of OBA-9 using the mirVana TM miRNA Isolation Kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's protocol. Briefly, 1 lg total RNA was used for reverse transcription by ReverTra Ace V R for RT-PCR (Cat. no. TRT-101; Toyobo, Osaka, Japan). One microlitre of cDNA was used for RT-PCR. Amplification conditions has been described previously [20] . RT 
Luciferase reporter assay
In order to assess the stability of IL-6 mRNA in OBA-9, the 300-base pairs (bp) fragment of the IL-6 mRNA 3 0 -UTR region was cloned into a pGEM-T Easy vector (Promega, Fitchburg, WI, USA) and a pmiRGLO/IL-6 vector was constructed to examine the stability of IL-6 mRNA (Fig. 3a) . In the presence of HuR, the degradation of IL-6 mRNA was inhibited by the binding of HuR to the AU-rich region of mRNA. Conversely, in the absence of HuR, the degradation of mRNA by the binding of microRNA and activation of the CCR4-NOT complex was observed. The pmiRGLO/IL-6 vector was transfected into OBA-9 by lipofectamine 3000 (Cat. no. L3000001; Invitrogen, Carlsbad, CA, USA). As a control of the pmiRGLO/IL-6 vector, pmirGLO without an insert was also transfected into OBA-9. Six hours after transfection, OBA-9 was stimulated by Pg, PgLPS or TNFa for 3h. The production of luciferase was then measured by the manufacturer's protocol. Briefly, after the transfection and stimulation of OBA-9 in 96-well plates, an equal volume of Dual-Glo V R reagent (75 ll) was added to each of the wells and mixed. Samples were incubated for 10 min at room temperature (RT) to allow cell lysis to occur. Firefly luminescence was then measured using a luminometer (Varioskan LUX; Thermo Fisher Scientific, Tokyo, Japan). An equal volume of Dual-Glo V R Stop and Glo V R reagent (75 ll) was added to the samples, which were incubated for 10 min. The amount of Renilla luminescence was measured by a luminometer. The activity of luciferase was evaluated by the ratio of firefly/Renilla luminescence.
The knock-down or inhibition of HuR in OBA-9
The mRNA expression of HuR was suppressed by siRNA (final concentration 10 nM, Cat. no. sc-35619; Santa Cruz Biotechnology, Inc.). Briefly, OBA-9 was cultured until 70% confluency at the time of transfection in the six-well plate. Lipofectamine RNAimax (6 ll; Invitrogen, Tokyo, Japan) was then diluted into 100 ll of Humedia-KG2 medium without supplements. The mixture was added to the OBA-9 culture following the addition of siRNA for HuR (final concentration: 10 nM) to the reagents. As a negative control, control siRNA (Cat. no. 37007, Santa Cruz Biotechnology, Inc.) was transfected into OBA-9 using the same protocol. The suppression of HuR was detected after 6 h by RT-PCR and after 12 h by Western blotting.
Over-expression of HuR in OBA-9
In order to clarify the effects of HuR on the stability of IL-6, an over-expression vector (pcDNA3.1/HuR) was kindly gifted from Paul J. Anderson MD, PhD (Brigham and Women's Hospital). The primer sets of HuR cloning were: forward, 5 0 -CCGTCACCAATGTGAAAGTG-3 0 and HuR reverse, 5 0 -TCGCGGCTTCTTCATAGTTT-3 0 . Regarding the over-expression of HuR in OBA-9, 100 ng of the vector was transfected using lipofectamine 3000 (Invitrogen). Six hours after transfection, HuR mRNA and protein levels were measured by RT-PCR and Western blotting.
Detection of IL-6 by enzyme-linked immunosorbent assay (ELISA)
In order to examine the effects of HuR, production of the IL-6 protein from OBA-9 was measured by ELISA. The supernatant of the culture medium of OBA-9 was collected and IL-6 was measured in the supernatant by human IL-6 ELISA MAX TM Deluxe (Cat. no. 9430504; Biolegend, San Diego, CA, USA), as described previously [21] . Briefly, a solid-phase anti-IL-6 monoclonal antibody (diluted in coating buffer to a final concentration of 1 lg/ml) was coated onto a 96-well ELISA plate (BD Falcon, Franklin Lakes, NJ, USA) in order to capture the target. After blocking each well with 1% BSA in PBST, the supernatant or standard (diluted in PBST from 1 ng/ml to zero) was applied to each well. After application of the detection antibody (diluted in PBST to a final concentration of 1 lg/ml), horseradish peroxidase (HRP) conjugated with anti-IgG (2000-fold dilution in PBST) was applied to the wells. 
Ligature-induced periodontitis mouse model
In order to assess the involvement of HuR in the progression of periodontitis in vivo, a sterile ligature (5-0 silk thread; Johnson & Johnson, Piscataway, NJ, USA) was placed around the maxillary second molar on both sides in BALB/c mice (8-week-old females; Charles River Japan, Kanagawa, Japan) for 14 days [22] . The HuR inhibitor, quercetin [200 lM in 2% carboxymethylcellulose (CMC), 50 ll] was applied orally every 3 days for 14 days. As a control, 2% CMC was applied to the oral cavity. Mice were killed and palatal gingival tissue was collected for the detection of IL-6 and HuR. Maxillary bone was also collected to analyse bone resorption levels, as described previously [23] .
Statistical analysis
All data are shown as the mean 6 standard deviation (s.d.). A two-way repeated-measures analysis of variance (ANOVA) was used to evaluate comparisons in in-vivo experiments. Regarding comparisons between the two groups in in-vitro experiments, statistical analyses were performed by Student's t-test. P < 0Á05 and P < 0Á01 were considered significant in all analyses.
Results
Detection of HuR in patient gingival tissue
The production of HuR by the healthy volunteers and periodontitis patients was detected by immunohistochemistry. Strong staining of HuR was observed in the tissue from periodontitis patients. Positive cells in the tissue from periodontitis patients was detected in the stratum spinosum of the epithelial layer and connective tissue (Fig. 1d,f ). However, the low level of positive staining was observed in the tissue of healthy volunteers (Fig. 1b) .
Analysis of IL-6 mRNA, HuR mRNA and HuR production in gingival tissue
In order to analyse the response of OBA-9 against inflammatory stimulation, the mRNA expression and production of IL-6 and HuR were examined in the presence of TNF-a, formalin-fixed Pg W83 and PgLPS by RT-PCR and Western blotting. The mRNA expression of IL-6 was induced by stimulation with TNF-a, formalin-fixed Pg W83 and PgLPS relative to control (4Á13-, 7Á62-and 3Á90-fold increases, respectively, Fig. 2a ). The mRNA expression of HuR was also induced by TNF-a, Pg W83 and PgLPS (3Á14-, 3Á19-and 1Á64-fold increases, respectively, Fig. 2b ).
Western blotting revealed that the production of HuR was increased by TNF-a and Pg W83 (Fig. 2c) . In order to determine the involvement of TNF-a produced by Pg or PgLPS stimulation in the expression of HuR mRNA, neutralization antibody to TNF-a was added prior to 30 min stimulation. The mRNA expression of HuR stimulated by Pg W83 was suppressed partially in the presence of antibody (45Á4% suppression, Fig 2d) .
Stability of IL-6 mRNA in OBA-9
The luciferase reporter assay was performed after the transfection of the pmirGLO/IL-6 vector. In the absence of the factor, which affects the stability of mRNA similar to a HuR, the fusion mRNA of luciferase 2 and 3 0 -UTR of IL-6 became unstable and facilitated degradation by RNase and microRNA. The protein level of firefly luciferase was reduced with decreases in stability. Conversely, in the presence of the mRNA stabilizing factor, the mRNA and protein expression levels of firefly luciferase increased (Fig. 3a) . Stimulation with TNF-a, Pg W83 and PgLPS increased the ratio of firefly/Renilla luciferase expression (147 6 3Á4%, 123Á5 6 1Á1% and 106Á8 6 2Á1%, respectively, Fig. 3b ). This result indicated that the degradation of mRNA derived from the luciferase vector was inhibited by the binding of those molecules to mRNA.
HuR affects the stability of IL-6 mRNA
In order to assess the involvement of HuR in the stability of IL-6 mRNA, the HuR over-expression vector (pcDNA3.1/HuR) was transfected into OBA-9 for the gain of function. As a control, the pcDNA3.1/control vector was also transfected. The induction of HuR mRNA expression and increases in HuR protein levels were confirmed by RT-PCR and Western blotting (Fig. 3c,d ). The luciferase reporter assay was performed after the transfection of pmirGLO/IL-6 and pcDNA3.1/HuR and/or pcDNA3.1/ control in order to elucidate the involvement of HuR in the production of IL-6. Luciferase activity increased in the presence of over-expressed HuR with Pg W83 stimulation (31Á2% increase from that without Pg stimulation, Fig. 3e ). As endogenous HuR was induced by Pg stimulation, an increase in luciferase activity in the presence of pcDNA3.1/ control was also observed (27Á5% increase from that without Pg stimulation, Fig. 3e ). In the presence of Pg stimulation, pcDNA3.1/HuR transfection in OBA-9 resulted in a 16Á6% increase from that with pcDNA3.1/control transfection. Production of IL-6, which is regulated by binding of HuR to the 3 0 -UTR region of IL-6 mRNA, was measured by ELISA in the presence of siRNA against HuR or the over-expression vector of HuR. The silencing of HuR by siRNA was confirmed by Western blotting (Fig. 4a) . HuR silencing resulted in the suppression of IL-6 production by TNF-a, Pg W83 and PgLPS (Fig. 4b,c) . Silencing of HuR also resulted in the low-level induction of IL-6 mRNA stimulated by TNF-a (Fig. 4c) . Conversely, IL-6 levels in the supernatant of OBA-9 with pcDNA3.1/HuR transfection were increased by TNF-a, Pg W83 and PgLPS (Fig. 4e) . mRNA expression of IL-6 in OBA-9 stimulated with TNF-a was also induced in the presence of pcDNA3.1/HuR (Fig. 4d) . Furthermore, the mRNA expression of IL-6 was monitored in time-course experiments in the presence of HuR. HuR over-expression showed the tendency of a shift in the peak of IL-6 mRNA expression in the early phase (data not shown). However, under normal conditions, IL-6 mRNA expression was induced in a timedependent manner. These results indicate that presence of HuR in OBA-9 affect IL-6 mRNA stability.
Suppression of HuR by the HuR inhibitor, quercetin
Quercetin destabilizes the binding of HuR to the AU-rich element of mRNA [24] . The addition of quercetin to the OBA-9 culture resulted in the suppression of HuR mRNA expression and IL-6 production stimulated by Pg W83 (more than 63% mRNA suppression, more than a 70% protein decrease, respectively, Fig. 5a,b) . The effects of quercetin in the periodontitis mouse model were examined in order to confirm the involvement of HuR in the progression of periodontitis via IL-6. The placement of 5-0 silk sutures was performed around the maxillary second molar on both sides in BALB/c mice for 14 days to induce periodontitis. Severe bone resorption was observed in the group with silk sutures placed (77Á1% increase). However, the quercetin treatment every 3 days for 14 days via an oral inoculation suppressed bone resorption more than that in the ligature-induced group (27Á4% suppression, Fig. 5c,d ). The treatment with quercetin without the placement of ligatures showed the same bone level as the control group. As a control of quercetin, the administration of DMSO was not affected to bone resorption level. The HuR levels in mouse gingival tissue were measured by Western blotting. Ligature-induced periodontitis increased the production of HuR in homogenates of gingival tissue. However, the treatment with quercetin suppressed the production of HuR (45Á8% suppression, Fig. 5e ). The amount of IL-6 in mouse gingival tissue with the quercetin treatment was also suppressed, similar to the production of HuR (47Á9% suppression, Fig. 5f ). As a control of quercetin, the administration of DMSO was not affected by IL-6 production.
Discussion
In the present study one of the RBPs, the production and localization of HuR in periodontal tissue, was detected for the first time. The production of IL-6 in gingival epithelial cells was also regulated by HuR. Furthermore, the HuR inhibitor, quercetin, suppressed-IL-6 enhanced bone resorption in the ligature-induced periodontitis mouse model as a result of the inhibition of HuR. The central dogma in molecular biology describes the flow of genetic information in cells from DNA to mRNA to protein. Genes specify the mRNA sequence and mRNA specifies the protein sequence [25] . A functional protein is regulated by some steps, a gene control region (promoter, enhancer and suppressor), transcription (DNA to RNA) and translation (RNA to protein). A functional protein is also modified by some enzymes to build up a threedimensional structure [26] . In the present study, the involvement of RBPs was investigated as a function in the translation step. MicroRNA also affect mRNA levels in this cascade. Previous studies have shown that the expression of miR-126 in periodontitis via the targeting of TNF receptorassociated factor 6 (TRAF6) was associated with the progression of diseases [27] . Our previous findings suggested that miR-584 produced in the human gingival epithelium was suppressed by periodontopathogenic bacteria. The target molecule of miR-584 was the suppression of the lactoferrin receptor, which is bound by lactoferrin and actively regulates inflammation induced by IL-6, IL-8 and TNF-a [28] . Although HuR binds to mRNA, the same as microRNA, HuR showed the different roles concerning the regulation of inflammation by activating IL-6 mRNA stabilization compared with microRNA as the destabilizer of mRNA in this present study.
Previous studies have demonstrated the involvement of HuR in some disorders. For example, the mRNA of the proinflammatory cytokines, IL-6, IL-1b and TNF-a were stabilized by HuR in a myocardial infarction mouse model [29] . In this model, IL-10 directly suppressed proinflammatory cytokines by down-regulating HuR as a result of ventricular dysfunction by injury. TTP, TIA-1 and TIAR have also been reported to regulate some diseases, including inflammation, fibrosis, angiogenesis, cell death and proliferation, similar to HuR [30] [31] [32] [33] . The imbalance in HuR/TTP alters the differential mRNA expression of the inflammatory cytokines, granulocyte-macrophage colonystimulating factor (GM-CSF), IL-6, IL-8, TNF-a and IL-10 in eutopic and ectopic endometriosis from that in healthy donors [16] . In the present study, TNF-a stimulation induced the production of HuR (Fig. 2c) . The neutralization of TNF-a partially suppressed the expression of HuR mRNA (Fig. 2d) . It is also reported that human gingival epithelial cell produces TNF-a by bacterial stimulation. P. gingivalis and PgLPS stimulation are recognized directly by Toll-like receptor 2 (TLR-2) and TLR-4 [34] . This signalling activates the mitogen-activated protein kinase (MAP) and nuclear factor kappa B (NF-jB) signalling and might result in the induction of HuR [5] . Taken together, the induction of HuR might be regulated by the direct stimulation by Pg or bacterial component (LPS) and autocrine production of TNF-a. HuR binds specifically to the AU-rich 3 0 -UTR region of mRNA. There are more than 6000 possible sequence patterns that may be analysed for HuR binding. The mutation of this binding site and changes in binding activity may be a possible cause of disease [35] [36] [37] . HuR binding activity may play a critical role in cell proliferation, at least in part, by mediating the cell cycle-dependent stabilization of mRNAs encoding cyclins A and B1 in colorectal carcinoma [38] . The composition of the HuR polysome also contributes to the metabolic function of adipocytes by mediating post-transcriptional regulatory events through the glucose transporter (GULT-1) in diabetic mellitus [35] . In the present study using immunohistochemistry, the positivestained area of HuR was detected mainly in the epithelium and some positive cells were localized to connective tissue derived from periodontitis patients (Fig. 1) . The oral epithelium acts physiologically and immunologically as the first line of defence in the digestive tract [3] . Bacterial and inflammatory stimuli up-regulated HuR (Fig. 2) and this induction of HuR also activated Toll-like receptors, which are major players in the innate immune response. A series of these events may activate the clearance of pathogenic factors or induce tissue destruction [39] . Positive cells were also observed in connective tissue. Immune cells and fibroblastic cells are major players in connective tissue against inflammation. The involvement of HuR in T helper type 17 (Th17) cells has also been clarified in a mouse model of rheumatoid arthritis [40] . These findings suggest that HuR affects not only innate, but also acquired immune responses. The involvement of HuR-mediated glycogen synthase kinase 3b (GSK3b) during acute respiratory distress syndrome (ARDS) in the clearance of pathogenic factors from the respiratory epithelium has been reported [41] . Cell division control protein 42 (Cdc42) translation is also regulated by HuR in the pathogenesis of mucosal wound healing [42] . Therefore, HuR in the epithelial barrier may contribute to the first line of defence against bacterial infection and inflammation.
Similar to previous findings, elevations in IL-6 protein levels were mediated by increases in IL-6 mRNA stability as the result of HuR binding in luciferase reporter assay (Fig. 3b) . IL-6 is a multi-functional cytokine that regulates immune responses, acute-phase responses and inflammation [43] . IL-6 is produced by a number of different cell types and influences various types of cell. IL-6 also exhibits multiple biological activities through its unique receptor system. The production of IL-6 regulated by HuR in The distribution of mRNA expression or protein production in the treated group was compared with that in the control group using Student's t-test (two-tailed test, *P < 0Á01). A two-way repeated-measures analysis of variance was used to compare bone resorption levels between two groups. *P < 0Á01 (c). human gingival epithelial cells was clarified in the present and previous studies. However, its receptor, IL-6R, is not expressed in this type of cell. IL-6R is expressed mainly in blood cells. Our previous study indicated that an oral infection by Pg resulted in elevations in IL-6 levels in serum and induced rheumatoid arthritis in SKG, BALB/c background RA model mice [21] . The production of IL-6 in in-vitro and in-vivo experiments was also elevated in gingival tissue. Therefore, HuR-mediated IL-6 production may affect distant organs systemically.
Very interestingly, in the experiment on HuR gain or loss of function, IL-6 mRNA and protein levels of IL-6 differed between the over-expression of HuR by a vector and the RNA suppression of HuR by siRNA (Fig. 4) . mRNA induction and protein elevations in IL-6 with the overexpression of HuR were observed 4 h after the TNF-a stimulation (Fig. 4a,c) . Conversely, the difference between HuR siRNA-transfected cells and control siRNA-transfected cells became clear 12 h after the TNF-a stimulation (Fig. 4b,d ). HuR is a regulator of inflammation by stabilizing the mRNA of cytokines such as IL-6 [44] . HuR itself was also regulated by inflammatory stimuli (Fig. 2) . Therefore, HuR did not exert prominent effects under normal conditions (without co-stimulation) and a certain amount of HuR by some stimulation is necessary for adequate effects of the stabilization of mRNA in IL-6 production.
In order to elucidate further the link between IL-6 and HuR the effects of quercetin, the inhibitor of HuR, were investigated. Quercetin is an anti-inflammatory agent that is purified from fruits and vegetables as a flavonoid [45] . After binding to TNFR, quercetin prevents TNF-a signalling from directly activating extracellular signal-related kinase (ERK), c-JunNH2-terminal kinase (JNK), c-Jun and NF-jB, which are potent inducers of inflammatory gene expression and protein secretion. In addition, quercetin may prevent inflammation indirectly by increasing peroxisome proliferator-activated receptor g (PPARg) activity, thereby antagonizing the NF-jB or activator protein-1 (AP-1) transcriptional activation of inflammatory genes [46] . It has been hypothesized that quercetin blocks the TNF-a-mediated induction of inflammatory cascades. The in-vitro study on the application quercetin showed HuRmediated IL-6 suppression in a quercetin concentrationdependent manner (Fig. 5a and b) . The in-vivo study demonstrated that ligature-induced periodontal bone loss was also inhibited by the addition of quercetin via the suppression of HuR in mouse gingival tissue (Fig. 5c) . Therefore, IL-6-mediated bone resorption was suppressed by quercetin, similar to other inflammatory diseases. Collectively, these results indicate that quercetin has potential as a pharmaceutical agent for inflammatory diseases such as a periodontitis. HuR may also be a target for the regulation of inflammation in gingival tissue. However, the route of drug distribution remains unclear. The suppressive effects of HuR in the oral epithelium may be the direct absorption of quercetin from the oral mucosal epithelium. Quercetin applied to the oral cavity is also transported into the bloodstream as result of absorption from the epithelia of the stomach and intestines. Therefore, an appropriate method for the administration of quercetin needed to be developed in further studies.
In the present study, HuR was focused upon in order to clarify the regulatory effects of IL-6. As shown in Fig. 6 , the mRNA expression of IL-6 and HuR was not induced under normal conditions (without a stimulation). Therefore, the low production of IL-6 was detected. Conversely, the Pg stimulation induced the mRNA expression of IL-6. At the same time, HuR was also induced and accelerated the stability of IL-6 mRNA. Thus, an increase in IL-6 production was observed. This mechanism may be one of the causes of the progression and prolongation of inflammation at local sites. HuR and mir-125b have been shown to bind competitively to 3 0 -UTR of p53, a tumour suppressor protein [47] . Different RNAs bind proteins such as TTP, TIA-1, TIAR and AUF1. These RBPs are also regulated by microRNA at the mRNA level and by phosphorylation [48] . Therefore, it is important to clarify the interaction of microRNA and RBPs against mRNA. Further studies are also needed to examine the effectiveness of HuR regulation for the therapeutic targeting of inflammatory diseases and tumours.
